The thermal decomposition reactions of several important natural flavor and fragrance chemicals have been investigated using density functional theory (DFT, B3LYP/6-31G*). Retro-aldol reactions of glucose, fructose, hernandulcin, epihernandulcin, [3]-gingerol, and [4]-isogingerol; retro-carbonyl-ene reactions of isopulegol, lavandulol, isolyratol, and indicumenone; and pyrolytic syn elimination reactions of linalyl acetate, α-terpinyl acetate, and bornyl acetate, have been carried out. The calculations indicate activation enthalpies of around 30 kcal/mol for the retro-aldol reactions and for retro-carbonyl-ene reactions, comparable to pericyclic reactions such as the Cope rearrangement and electrocyclic reactions, and therefore important reactions at elevated temperatures (e.g., boiling aqueous solutions, gas-chromatograph injection ports). Activation enthalpies for pyrolytic eliminations are around 40 kcal/mol and are unlikely to occur during extraction or GC analysis.
Extraction, isolation and purification, and analyses of natural products can be complicated due to thermal instability of important aroma, flavor, or medicinal components, and much effort in improving these techniques to avoid decomposition of desired chemical constituents has been carried out (see [1a] , for example). High extraction and/or analysis temperatures can lead to thermal decomposition reactions including pericyclic rearrangements and eliminations. This report presents a theoretical examination of the thermal decomposition reactions of some representative natural flavor and fragrance chemicals using density functional theory (B3LYP/6-31G*): Retro-aldol decomposition reactions of glucose, fructose, hernandulcin, epihernandulcin, [3]-gingerol, and [4] -isogingerol; retro-carbonyl-ene reactions of isopulegol, lavandulol, isolyratol, and indicumenone; and pyrolytic syn eliminations of linalyl acetate, α-terpinyl acetate, and bornyl acetate. In addition, the retro-aldol reaction of 3-hydroxypropanal, the carbonyl ene reaction of 3-buten-1-ol, and the elimination of ethyl formate have been carried out at the B3LYP/6-31G* and B3LYP/cc-pVTZ levels of theory for comparison.
Retro-Aldol Reaction:
Carbohydrates have been considered to be important starting materials for biomass conversion to produce useful organic chemicals as an alternative to petrochemicals [3a] . In addition to hydrolysis, isomerization, and dehydration (elimination) (ΔH (0K) ) for the pericyclic retro-aldol decomposition reactions are summarized in Table 1 . The calculations show that activation enthalpies (ΔH ‡ ) range from 29.8 kcal/mol for epihernandulcin to 34.6 kcal/mol for glucose. These activation energies are comparable to those observed for other pericyclic reactions such as the Cope rearrangement and electrocyclic reactions [4] , as well as carbonyl ene reactions (see below) [5] .
xxxxxxx Transition-state structures for the retro-aldol reactions in this study are best described as half-chairs (see Figure 3 ). With the exception of fructose, the C(3)-O(2)-H-O(1) and O(2)-H-O(1)-C(1) dihedral angles are small ( Supplementary Table 1 ). Half-chair transition structures have been predicted for the carbonyl ene reaction (see below) as well as the lithium enolate aldol reaction [6a] . The relatively short O(1)-H (~1.1 Å) and C(1)-C(2) (~1.4 Å) bonds, compared to O(2)-H (~1.3 Å) and C(2)-C(3) (~2.1 Å) suggest a late transition state, which is consistent with the Hammond Postulate [6b]. That is, the transition structures more closely resemble the enol + carbonyl products rather than the βhydroxy carbonyl starting materials. This has also been observed in B3LYP transition structures for the carbonyl ene reaction (see below). 
Retro-Carbonyl-Ene Reaction:
The carbonyl ene reaction is an important carbon-carbon bond-forming reaction leading to homoallylic alcohols [6c].
Uncatalyzed carbonyl ene reactions generally take place at temperatures around 150-220°C [6c], and since this thermal reaction is reversible, retro-carbonyl-ene reactions might be expected to occur at those temperatures. Citronellal has been prepared by retrocarbonyl-ene reaction of isopulegol at 230-235°C [7] while the reverse reaction, preparation of isopulegol from citronellal has been carried out catalytically and is an important step in the industrial preparation of menthol [8] (see Scheme 5) . Several reports have appeared in the literature on citronellal-rich essential oils [9] and these reports also show isopulegol to be present, albeit in lower concentrations than citronellal. Thus, it is not apparent whether the concentrations of citronellal and isopulegol reflect the initial compositions from the plants or are due to some degree of intramolecular ene reaction due to hydrodistillation or GC analysis. Lavandulol and lavandulyl esters, particularly acetate, are minor but important constituents of essential oils, especially lavender (Lavandula angustifolia) [10] . They are important materials in perfumery. Lavandulol has been synthesized by carbonyl ene reaction of 2,6dimethyl-2,5-heptadiene with formaldehyde (Scheme 6) [11] , and retro carbonyl ene reaction of lavandulol would give 2,6-dimethyl-2,5-heptadiene, but this compound has only been reported as a very minor component in hop (Humulus lupulus) essential oil [12a] . Scheme 6: Carbonyl ene reaction for formation of lavandulol.
The irregular monoterpene alcohol isolyratol has been found in Artemisia spp. [12b,12c] . Retro-carbonyl-ene decomposition of isolyratol can proceed via two routes to give 4-methyl-1,3-pentadiene, 2-methyl-1,3pentadiene and 2-methylpropenal (Scheme 7). Indicumenone is a bisabolane ketodiol isolated from Chrysanthemum indicum [13a] and Achillea clavennae [13b]. Retro-carbonyl-ene decomposition of indicumenone would give 2-methylpent-4-en-2-ol and 2-methyl-5-(ketoethyl)-cyclohex-2-enone (Scheme 8). Neither the essential oil compositions of Chrystanthemum indicum [13c] nor Achillea clavennae [13d], however, reveal either of these compounds. In addition, neither of these compounds appears in the Dictionary of Natural Products [14] . Monte Carlo conformational analyses of the starting materials and the products for the retro-carbonyl-ene reaction were carried out and the geometries optimized at the B3LYP/6-31G* level. Transition-state geometries were modeled using the appropriate low-energy conformations of the starting homoallylic alcohols. The thermodynamic parameters for retro-carbonyl-ene reactions are compiled in Table 2 . Activation enthalpies range from 22 kcal/mol (isolyratol) to 35 kcal/mol (indicumenone), comparable to the retro-aldol reactions above. It seems reasonable to expect, then, that extensive heating of homoallylic natural products, then could decompose these materials via retro-carbonyl-ene reaction. Note that the enthalpy of reaction for isopulegol-citronellal is nearly zero kcal/mol. Apparently equilibration of isopulegol-citronellal does not normally take place during hydrodistillation and GC analysis of citronellal-rich essential oils. The activation enthalpy for isolyratol decomposition is very low compared to other retro-carbonyl-ene reactions. Isolyratol may well have decomposed in essential oils obtained by hydrodistillation, and the products from this decomposition are too volatile to be typically observed in essential oils. Note that Epstein and co-workers [12b,12c] used pentane extraction rather than hydrodistillation to obtain isolyratol. The fact that lavandulol and isolyratol are found in essential oils suggests that the short contact time with the GC injector is not enough to cause extensive decomposition. The carbonyl-ene reaction transition structures in this study are half-chair structures (see Figure 4 ), analogous to those previously reported for the carbonyl-ene reaction [15] . The C-C bond breaking distance in the transition state ranges from 1.88 A to 2.28 Å, the O-H bond breaking distance is 1.16-1.40 Å, while the C-H bond formation distance is 1.26-1.47 Å ( Supplementary  Table 2 ), consistent with the enthalpies of reaction. The transition structures for isolyratol decomposition show notable differences compared to simple carbonyl-ene transition states. For decomposition paths A and B, the C(1)-C(2) bond is long (2.28 Å) compared to the others (average 1.92 Å) while the O-H bond is shorter (1.16 Å compared to an average of 1.37 Å). Note that decomposition of isolyratol is very exothermic (ΔH r = -13 kcal/mol) and has, then, an early transition state. The six-membered-ring transition state is more puckered for isolyratol decomposition compared to the others; the sum of the absolute torsion angles is greater for isolyratol than the other compounds examined. Severe steric interactions in these transition structures apparently lead to distortion of the half-chair structure. The lowest-energy conformation leading to the transition state of the alternative retro-carbonyl-ene decomposition scenario for isolyratol (Scheme 7, path B) is 2.45 kcal/mol higher in energy than the global energy minimum [16a] and the transition state lies 5.19 kcal/mol higher in energy than the alternative transition structure (path A).
Pyrolytic syn-Elimination Reaction:
Pyrolytic decomposition of esters with elimination of carboxylic acids proceeds through a six-membered cyclic transition state to give syn elimination [16b]. Although the reaction has been computationally visualized as concerted [17] , it has also been suggested that surface-catalyzed reaction involving carbocation intermediates may be involved [18a] . Linalyl acetate, along with linalool, is a major fragrance component of bergamot, neroli, and lavender essential oils [18b]. Pyrolysis of linalyl acetate has been shown to give a mixture of myrcene (43%), (Z)-β-ocimene (20%), and (E)-β-ocimene (35%) (Scheme 9) [18c]. Furthermore, it has been suggested that high GC injector temperatures cause decomposition of linalyl acetate [18d] . Some essential oils rich in linalyl acetate have shown little or no myrcene, (Z)-or (E)-β-ocimene, in spite of high GC injector temperatures [19a,19b] , suggesting that the decomposition may not be a pyrolytic syn-elimination reaction. Pyrolysis of α-terpinyl acetate leads to terpinolene and limonene (Scheme 10) [19c] . GC analysis of Chenopodium ambrosioides essential oil from Cuba has revealed a large concentration of α-terpinyl acetate (74%) but only a trace amount of limonene and no terpinolene [20a] , so pyrolytic elimination of α-terpinyl acetate at 250°C (GC injector temperature) is unlikely. Pyrolysis of bornyl acetate has been studied by de Haan [20b] . At temperatures above 445°C, bornyl acetate pyrolyzed to give a number of products, presumably by elimination to give bornene with subsequent pericyclic decomposition (e.g., retro-Diels-Alder decomposition of bornene) (see Scheme 11) . Given the temperatures required for pyrolysis of bornyl acetate it is unlikely that this reaction take place during GC analysis of bornyl acetate-containing essential oils. Conformational analyses at the B3LYP/6-31G* level were carried out on each of the starting acetate esters as well as the elimination products. The lowest-energy conformation of the acetate ester suitable for elimination (i.e., the carbonyl oxygen in proximity to the β-hydrogen atom) was used as a starting point to model each transition-state structure. The enthalpies for acetic acid elimination for linalyl acetate, α-terpinyl acetate, and bornyl acetate, are summarized in Table 3 .
The syn β-elimination of ethyl formate (see Figure 5 ), at both the B3LYP/6-31G* and B3LYP/cc-pVTZ level are included for comparison. Activation enthalpies are on the order of 36-41 kcal/mol, consistent with the relatively high temperatures necessary to effect these eliminations and comparable to experimental values [17b,20b,20c] .
The lowest-energy conformation for linalyl acetate (Figure 6, A) has the acetate carbonyl oxygen in proximity to the β-hydrogen atom that would lead to myrcene as well as the β-hydrogen that would lead to (Z)-β-ocimene. The conformation that would lead to (E)-β-ocimene ( Figure 6, B) , as well as myrcene, is 1.72 kcal/mol higher in energy than the lowest-energy form. The activation energies for decomposition of linalyl acetate are around 5 kcal/mol lower than that for bornyl acetate. This may explain the observed relative lability of linalyl acetate [18d] compared to other alkyl acetates.
The transition-state geometries for β-elimination (see Figure 5 ) can best be described as planar, late transition states, consistent with the endothermic nature (ΔH r = 9-15 kcal/mol) of these reactions. The dihedral angles around the six-membered-ring transition state are generally small (Supplementary Table 3 ). The hydrogen transfer is nearly linear with C-H-O bond angles of 168-176°, comparable to transition-state geometries obtained from post-HF ab initio (MP2) calculations [17a,17c] .
Based on literature precedence with hernandulcin and gingerols, and calculated activation energies of around 30 kcal/mol, some degree of thermal retro-aldol reactions of β-hydroxy carbonyl compounds can be expected to occur during prolonged heating (e.g., during extraction) or with hot (≥ 250°C) GC injection temperatures. Likewise, retro-carbonyl-ene decomposition of homoallylic alcohols may also be problematic, especially for sterically crowded compounds such as isolyratol. With relatively large activation energies (ca 40 kcal/mol) along with little evidence of pyrolysis at temperature below 300°C, it is reasonable to conclude that pyrolytic syn elimination of esters is not likely to occur with routine extraction and GC analyses. Note that ionic (carbocation formation, E1, or base-promoted elimination, E2) mechanisms may be potential routes for decomposition of esters, however.
Computational Methods: All calculations were carried out using SPARTAN '08 for Windows [21] . Initial conformational analyses were carried out on each compound using a Monte-Carlo molecular mechanics conformational search using the MMFF force field [22a] . For each compound, all conformations with E rel less than 3 kcal/mol from the MMFF conformational analysis were then modeled using density functional theory. DFT calculations with the B3LYP functional [22b,22c] and the 6-31G* basis set were used for the optimization of all stationary points in the gas phase. All enthalpies are zero-point (ZPE) corrected with unscaled frequencies, but with no thermal corrections; they are, therefore, H (0K) . Activation enthalpies (ΔH ‡ ) and enthalpies of reaction (ΔH r ) were calculated from the H (0K) values. Calculations of representative reactions (retro-aldol decomposition of 3-hydroxypropanal, retro-carbonyl-ene reaction of 3-buten-1-ol, and syn β-elimination of ethyl formate) were also carried out with the B3LYP functional and the cc-pVTZ (correlation-consistent polarized Core and Valence Triple Zeta) basis set [22d] .
Supplementary data:
Tables of geometrical parameters (bond distances, bond angles, dihedral angles) for all transition structures.
